This paper presents data on trace elements (Sr, Mg, Na, K, Mn, Fe, Ni, Cr) and isotopes ( 13 C, 18 O) on the carbonate fraction of bulk sediments from the Coniacian to Paleocene samples of Hole 516F. Relationships of trace elements to mineralogy and stratigraphic position are discussed at length, with special emphasis on 1) the differences between Hole 516F and other oceanic sites, and 2) the transitions observed at the Cretaceous/Tertiary boundary. Isotope data are compared to those obtained in other localities of the same age. The sections show the same major 13 C variations at the Cretaceous/Tertiary boundary, indicating that this event is a planetary phenomenon.
INTRODUCTION
Our previous studies in the North Atlantic (DSDP Legs 44, 47b, 48) have shown that trace element contents and stable isotope variations of bulk pelagic carbonates are, on a large scale, principally controlled by diagenetic phenomena, but many smaller variations seem to be related to oceanic chemistry fluctuations and could be used as stratigraphic and paleoenvironmental indicators. The purpose of this paper is to test this hypothesis by comparison of trace element and stable isotope variation of bulk carbonates from North Atlantic, South Atlantic, and Tethys sites.
Unless otherwise indicated, core numbers in this paper refer to Hole 516F.
METHODS
Abundances of strontium, magnesium, sodium, potassium, manganese, iron, nickel, and chromium relative to the carbonate fraction were measured in samples from Hole 516F. The ages of samples range from Coniacian to Paleocene. After sediments were crushed and washed in distilled water to eliminate contamination by seawater and interstitial waters, they were dissolved in acetic acid. Trace element analysis was carried out by atomic absorption spectrophotometry according to the method described by Renard and Blanc (1971, 1972) . X-ray diffraction methods revealed a constant carbonate mineralogy, particularly with respect to low-magnesium calcite. The oxygen and carbon isotope techniques used have been described by Létolle et al. (1965) . Results from analysis of Eocene samples are given as preliminary data, and all results are summarized in the appendix at the end of the chapter.
est Danian sediments at Hole 516F, great caution was exercised to assure that contamination was not introduced by flushing out the insoluble residue (i.e., interlayer cations in clay minerals).
Strontium
Strontium concentration in Paleocene to early Maestrichtian samples is not correlated with the insoluble residue percentage. A weak correlation appears, however, in Campanian and chiefly Santonian sediments. For samples in which the insoluble proportion is greater than 50%, the carbonate results are unreliable (Fig. 1A) .
Magnesium
Magnesium can be flushed out of clay minerals even if the clay mineral content is low. Consequently we shall consider ony magnesium values lower than or equal to 4000 ppm as significant (Fig. IB) .
Sodium
The plot of sodium concentration versus percent carbonate indicates no relationship with the clay mineral content, except for Santonian/Coniacian sediments; the same pattern was shown for strontium (Fig. 1C) .
Potassium
There is a very strong positive relationship between potassium and clay mineral content; only Paleocene samples do not fit this pattern (Fig. ID) . It is illusive, however, to insist on using potassium content variations as a paleoenvironment indicator. Only concentrations less than 300 ppm will be used to compare potassium variations with those relative to other elements.
Manganese
There is no relationship between manganese and insoluble contents ( Fig. 2A) . 
Iron
There is a weak correlation between iron concentration and percent carbonate; the relationship is stronger for Maestrichtian and Santonian samples (Fig. 2B) . Iron is in part carried by clay minerals.
Nickel, Chromium
Nickel and chromium are related to the insoluble residue percentage, but it seems that for one clay mineral content, different age samples show different concentrations of these trace elements ( Fig. 2C and D) .
TRACE ELEMENT DISTRIBUTION IN PALEOCENE-CONIACIAN CORES Strontium
Strontium decreases with increasing sediment age; high values (= 1000 ppm) for Paleocene samples (Cores 83 to 86) change to low values (200-300 ppm) for Santonian-Coniacian samples (Cores 115 to 125) (Fig. 3) . This trend has already been observed for DSDP Holes 116, 305, 391, 398D, and 400A, and is related to increasing effects of diagenesis (Renard et al., ,1979a . Sample age, residence time in a given diagenesis environment, seems to exert a stronger control on this diagenesis than does depth-in-hole, overloading of sediments (Renard, 1979) . In this curve, however, the strontium content fluctuation with depth or with age is not regular, and we think that these irregularities are caused by variations in the oceanic environment (salinity, temperature, strontium/calcium ratio) or in biochemical fractionation.
Sodium
Although the sodium curve variations are less clear, they are similar to those of strontium, with high values (400-500 ppm) for Paleocene samples and low values (200-300 ppm) for Santonian-Coniacian samples (Fig.  4) . The sodium content decrease is located approximately at the same sub-bottom depth (Cores 105 to 106). The strontium-sodium correlation graph shows a moderate positive correlation and a good separation of data from different stages (Fig. 5) .
Magnesium
The magnesium curve (Fig. 6 ) does not show clear variations in the Paleocene to Coniacian cores, probably because of the flushing out of magnesium from the argillaceous part of the samples and the presence of some traces of dolomite in Paleocene sediments. New analyses (Renard, unpublished data) show an increase of Mg from top to bottom of the core (Oligocene 1000-1500 ppm, Eocene, 1500-2000 ppm, Paleocene 1500-4000 ppm). The strontium content changes in the opposite way (Oligocene 1600-1200 ppm, Eocene 1300-700 ppm, Paleocene 1000-600 ppm). This reverse behavior of magnesium and strontium, which has already been observed in Sites 116 and 305, and Gubbio outcrops (Italy), seems to be the typical diagenetic chemistry of pelagic carbonates (Renard, 1979) . One can compare the trends of strontium and magnesium contents in the sediments with changes of the interstitial waters (Gieskes et al., this volume) . The analysis of relationship between trace element contents of interstitial waters and sediments can be found in Renard (1979) and Baker and others (1982) .
Manganese
The manganese curve indicates low values (lower than 1000 ppm) for almost the length of the core; there is a slight rise in upper Campanian and lower Maestrichtian sediments. An increase to values higher than 3000 ppm occurs beneath Core 121 (Fig. 7) . These high manganese values are probably the result of the direct influence of basalt or hydrothermal emanations through sediments from the basaltic oceanic floor.
Iron
The iron curve shows a great variability, and it is difficult to see a general trend in sub-bottom depth (Fig.  8) . Nevertheless, the highest values occur near the bottom of the core. The behavior of iron seems more random than that of manganese, because of the mixed origin of iron, which is either derived from continental erosion and oceanic hydrothermal activity or contained in clay minerals.
TRACE ELEMENTS AT THE CRETACEOUS/
TERTIARY BOUNDARY Figures 9 and 10 represent, in a more detailed way, trace element concentrations across the Cretaceous/Tertiary boundary. Whereas the major portion of Paleocene samples are characterized by high and stable carbonate contents (about 90% CaCO 3 ), the first levels of the Tertiary are very impoverished. Maestrichtian and Campanian samples are moderately carbonate rich (60-70%), but contents always remain lower and, above all, more irregular than during the Tertiary.
The boundary is well indicated for strontium. Most striking is the reduced strontium content within the lower Paleocene (Figs. 3 and 9) . Content for the Maestrichtian strontium levels are lower than those of upper Paleocene. A second strontium minimum seems to be located in the middle part of lower Maestrichtian.
For magnesium, the boundary is not particularly obvious, partly because low carbonate content compels us to reject the values corresponding to the lowest Paleocene levels (Figs. 6 and 9). In other sites, such as Gubbio outcrops where carbonate sedimentation is more constant, a magnesium peak related to an early lithification of the first Paleocene abundance marks the Cretaceous/ Tertiary boundary (Renard, 1979) . In general, the trends of strontium and magnesium are opposite diagenetic phenomena. In certain restricted parts of the hole, however, strontium and magnesium fluctuate in the same way, and these covariations may be explained in terms of oceanic paleoenvironment variations. The Danian and the middle part of the Maestrichtian are zones with both low strontium and magnesium contents. In the upper Maestrichtian, the same tendency to lower strontium and magnesium contents is apparent.
The sodium curve shows low contents within the uppermost Maestrichtian and lower Paleocene compared to the lower Maestrichtian and upper Paleocene. The high value of the first Paleocene level is, doubtless, an artifact caused by a maximum in the clay mineral content (Figs. 4 and 9). Low potassium content in the Paleocene samples contrasts with the high content in the Cretaceous, but this is a reflection of the difference in the concentration of clay between the Paleocene and the Cretaceous sediments (Fig. 9) .
Manganese, iron, nickel, and chromium curves show peak values at the Cretaceous/Tertiary transition zone (Fig. 10 ). These maxima cannot be explained by clay mineral content variations alone. 
COMPARISON BETWEEN THE STRONTIUM CONTENT OF PALEOCENE-CONIACIAN CARBONATES FROM VARIOUS SITES
A comparison of strontium content and sediment age for North Atlantic Holes 116, 390, 39OA, 398D, and 400A Renard, 1979; Renard, Lé-tolle, and Richebois, 1979; Renard, Richebois, and Lé-tolle, 1979) ; the Tethys site represented in the Gubbio outcrop in Italy (Renard, 1979) ; South Atlantic Hole 516F (this work); and Pacific Sites 305 and 306 (Matter et al., 1975) show the potential use of these element variations as a stratigraphic tool. A number of strontium content variations occur at the same stratigraphic location at these various sites (Fig. 11 ). For example: 1) Three samples suggest a strontium content increase close to NP10/NP9 zonal boundary in Hole 516F, and two samples from Hole 398D suggest a similar trend may occur there. That increase is clearly indicated in the denser sample coverage from Gubbio section.
2) Strontium values are high from the bottom of the NP9 to the NP5 zones in Hole 516F, at Gubbio, and in Hole 398D.
3) Values decrease within Zones NP5 and NP4 in Hole 516F. At Gubbio, this decrease seems to be located at the NP6/NP5 boundary. 4) Strontium content is relatively low within Zones NP3 and NP4 at all four sites. 5) A slight increase of strontium content may be located at the NP3/NP2 zonal boundary in Hole 390 and at Gubbio. 6) Strontium concentrations are relatively low within Zone NP1 in Hole 398D and at Gubbio. 7) Values remain at a relatively high and stable level during Maestrichtian at all four sites and during the Campanian at Gubbio. Maximal values occur during the Micula mura and Nephrolithus frequens zones at Gubbio, and Holes 390A, 392, and 398D. 8) Strontium content decreases within the Santonian, but it seems that this phenomenon begins earlier in Hole 516F (during Broinsonia Parca Zone or even earlier during Tetralithus trifidus Zone) than at Gubbio where it starts only in the middle part of Eiffelithus eximius Zone.
At the present time, the real meaning of these variations is not very clear; they may be caused by salinity, temperature, or oceanic strontium/calcium ratio variations or by variation of strontium metabolism (biochemical fractionation or discrimination for or against strontium relative to calcium) between various species of calcareous nannoplankton and planktonic foraminifers. Whatever the cause of the strontium variations, the apparent synchronism of strontium variations in numerous oceanic sites indicates that these variations are worldwide oceanic phenomena.
We should mention the difficulties inherent in stratigraphic correlations between the four sections. For example, the zones in the Gubbio sequence were established on the basis of planktonic foraminifers, whereas those in Hole 516F were based on planktonic foraminifers in the Paleocene and calcareous nannoplankton in the Cretaceous. As a result, the relative location of samples from different sites is somewhat arbitrary. Figure 12 shows strontium content variation curves in relation to sediment age from each of the various sites under study. The general trend of curves, high values for recent sediments and low values for ancient sediments, is almost certainly related to increasing diagenesis with age (Renard, 1979) . Short-term variations, as described above, reflect periodic fluctuations and crises within the oceanic realm.
STRONTIUM CONTENT AND PALE-OCEANOGRAPHIC RECONSTRUCTION
Two groups of curves can be distinguished: those for North Atlantic Holes 116, 398, and 400A, and those for Tethys, South Atlantic, and Pacific sites (Gubbio and Holes 516F, 305, and 306). Site 390 is more complicated because the Cretaceous part of the strontium curve is close to values for the North Atlantic group whereas the Paleocene-Eocene part of strontium curve is close to the second group. Strontium contents differ between the two groups by about 200 ppm for Cretaceous carbonates and more for Tertiary carbonates. Originally, we invoked a diagenetic effect to explain this difference between poorly consolidated carbonates of the North Atlantic Ocean and the lithified limestones at Gubbio . The present work produces proof to the contrary; Gubbio limestones and 516F sediments have the same content of strontium. Latest vadose diagenesis does not play a prominent part in the strontium distribution in pelagic carbonates. Accordingly, the difference between North Atlantic carbonates and the others reflects different oceanic conditions that have prevailed in that basin compared to conditions in the Tethys, South Atlantic, and Pacific. As it will appear later with the isotopic study, it seems that North Atlantic-Tethys communication was very restricted during the Coniacian to Thanetian, whereas circulation between the Tethys and South Atlantic was open. Considering the sites' paleolocations and oceanic paleocirculations (Fig. 13) , it is not surprising to find that South Atlantic influences reach Site 390 earlier than the North Atlantic sites.
The strontium content of a precipitated calcite can be described by the expression: The distribution coefficient K£ decreases linearly with increasing temperature from approximately 0.14 at 25 °C to about 0.08 at 100°C (Kinsman, 1969) , leading to the expression:
Kg. = -0.0008 Tp + 0.16.
Using the oxygen-isotope-derived (see later) temperature (Tp) difference of 10° between Tethys and North Atlantic seawater, one computes:
Strontium determinations in seawater are quite variable, and the result depends heavily on the analytic procedure. At the present time, it is very difficult to get an overall idea of strontium concentrations and variations in seawater (Renard, in preparation the equation defining K£ r was established on inorganic carbonate precipitation data. It is not known if this equation is applicable in the form given above to organic carbonates produced by planktonic foraminifers and by nannoplankton, especially because it is not known if these organisms biochemically fractionate strontium during their skeletogenesis (Lorens, 1978; Renard, 1979) . As a result of fractionation, strontium concentration would depend on the different behavior of foraminifers and nannoplankton living in the North Atlantic Ocean compared to those living in the Tethys, South Atlantic, and Pacific. Perhaps, over and above the thermal explanation, there was also a variation of the Sr/Ca ratio between North Atlantic seawater and the seawater of other oceans. Even if local conditions, such as strontium storage by evaporitic deposits in marginal basins, could be found for the South Atlantic Ocean and for the Tethys, it could probably not be extended to the Pacific Ocean. Because the Tethys and South Atlantic were, during the Coniacian-Thanetian, branches of the Pacific Ocean, the strontium variations in carbonates might only reflect chemical differences between Pacific and Atlantic seawater at present.
OXYGEN AND CARBON STABLE ISOTOPES
The potential use of stable isotopic ratios from calcareous nannofossils as paleoceanographic indicators has been shown by Margolis and others (1975) . In the pelagic realm, nannofossils are the main producers of carbonate, and it is possible, as a first approximation, to replace isotopic ratios of calcareous nannofossils by isotopic ratios of bulk carbonates, especially when foraminifers cannot be extracted from lithified samples. Cementation and isotopic reequilibration during lithification alter the original oxygen 18 content of samples, but the carbon 13 content seems insensitive to diagenetic phenomena and shows no relationship to increasing lithification (McKenzie et al., 1978; . According to Weissert and others (1979) : "The different species of coccoliths living in the surface waters fractionate carbon 13 equally, and subsequently selective dissolution during diagenesis will not alter the carbon 13 content of the nannofossil sediments." The carbon 13 content of bulk carbonates may, therefore, provide relatively good information on variations in carbon 13 content of the surface water. On a large scale, carbon 13 shifts seem to be related to the great transgression/regression cycles, and a striking similarity in the carbon 13 curve and the sea level variation curve has been noted (Cavelier et al., 1981) .
Oxygen 18
Oxygen isotopic ratio variation does not show any particularly striking trends (Fig. 14) . It should be observed, however, that a trend to the lower values (= -2.5%) exists within the lower Maestrichtian (Cores 94, 93, and partly 92), followed by an increase towards values close to -1.75% in the upper Maestrichtian. At the Cretaceous/Tertiary boundary (Cores 89 and 90) values are considerably scattered, but they tend to decrease (about -2.5 to -3%).
Oxygen isotopic ratios become uniform again only within the upper Paleocene. This pattern is similar to that observed by Thierstein and Berger (1978) at Site 356 (Fig. 15) . The significance of bulk carbonates δ 18 θ in terms of paleoenvironment is speculative; however, the isotopic curves from Holes 390A, 398D, 356, and 516F and Gubbio outcrops (Fig. 16) show striking similarities . 1) North Atlantic Holes 390 and 398D have, for Maestrichtian to Paleocene sediments, a δ 18 θ average of about -O.5%o (Fig. 15) . In spite of numerous sedimentary hiatuses, the same phenomenon can be observed at Hole 400A (Renard, Létolle, and Richebois, 1979b) .
2) Values from Gubbio outcrops (Tethys) and Holes 356 and 516F (South Atlantic) are between -2.0 and -2.5%.
Neither the disparity between the two groups of data nor the homogeneity of values within a given geographic area can be explained by diagenetic phenomena. A comparison of the depth in the hole and the microfacies of Maestrichtian-Danian sediments (Table 1) to isotopic data shows that there is no relationship between overloading of sediments, microfacies, and lithification on the one hand, and isotopic data on the other hand. We must consider therefore that an important part of the bulk carbonate δ 18 θ (at least for the Maestrichtian-Danian sediments) is related to paleoenvironment conditions. The difference of 2% 0 observed between sediments Figure 13 . Paleolocation of Sites 356, 390, 398, 400, 516, Bidart, and Gubbio at 65 Ma. Paleogeographic reconstitution after Sclater et al. (1977) ; Tethys-South Atlantic connection after Reyment and Mörner (1977) . The dotted area = epicontinental sea/trans-Saharan communication.
from South Atlantic/Tethys areas and those from the North Atlantic suggests a variation of temperature close to 10°C between South Atlantic-Tethys surface waters (warmer) and North Atlantic surface waters (colder). The difference may not fully depend on temperatures; salinity and oxygen isotopic ratios of water may have been relatively different in the two areas. These differences show that communication between the North Atlantic and South Atlantic was still very restricted, at least until the late Paleocene. On the other hand, paleogeographic reconstruction suggests open communication between the Tethys and South Atlantic (Fig. 13) . Paleontologic evidence proves that this communication arose either from a trans-Saharan connection established through the Niger Valley between an epicontinental arm of the Tethys and the Gulf of Guinea (Reyment and Mörner, 1977; Blondeau, 1977) , or from the Central Atlantic (Moullade and Guerin, 1981).
Carbon 13
Carbon isotope variations are very conclusive (Fig.  14) . Above stable values close to + 2.0% 0 within the upper Campanian (Cores 100 to 96), the δ 13 C increases to + 2.5% 0 within the lower Maestrichtian (Cores 95 to particularly within the Thanetian (Cores 88 to 84), values rise again to + 3% 0 . A new negative excursion occurs at the top of Paleocene. These two negative shifts located at Cretaceous/Tertiary and Paleocene/Eocene boundaries are present in many DSDP sites and in continental outcrops (e.g., Kroopnick et al., 1977; Scholle and Arthur, 1980; Létolle and Renard, 1980) . Comparison between carbon 13 curves of various sites (Figs. 17, 18 ) leads to the following conclusions: 1) The δ 13 C shift at the Cretaceous/Tertiary boundary is more gradual than apparent. The abrupt aspect of the shift is, more often than not, due either to an incomplete sampling or to a pronounced sedimentary hiatus at this boundary. When there is continuous sedimentation (i.e., when G. eugubinα Zone is present), the decline of isotopic ratio is gradual. This gradual transition may be in part caused, however, by reworking of Cretaceous thin sediment into the lowermost Paleocene levels; the sediment is a product of mixing of high isotopic ratio carbonate (Cretaceous) and low isotopic ratio carbonate (Paleocene). The lowest values are for samples located in Zones P1C/P1D. Moreover, in detail, two δ 13 C isotopic minima may exist, the first one at the top of Zone PI A and the second one at the lower part of Zone P1D. The offset between these minima can be seen on the curves for Holes 390 and 516F and Gubbio.
2) The parallelism of isotopic curves achieved at different sites is noteworthy and supports our assertion
Coccolithus ' tenuis •G. eugubina -Micula mura 460 S 13 C(%oPDB) Figure 15 . Stable isotope curve of the fine fraction carbonate for DSDP Site 356, South Atlantic (modified after Thierstein and Berger, 1978) . Triangles indicate δ 18 θ statistics; circles are δ 13 C statistics. 3) Isotopic data of South Atlantic and Tethys sites as well as those of North Atlantic sites are very similar: + 2.5% 0 in the Maestrichtian, + 1.5% 0 in the upper Danian, +3.0% in the Thanetian, and + 1.0% at the Paleocene/Eocene boundary. This constancy of δ 13 C values between very distant localities suggests that, unlike the δ 18 θ fluctuations, the cause of carbon isotopic ratio variations is a worldwide oceanic phenomenon relatively independent of local conditions.
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Only the amplitude of the Cretaceous/Tertiary boundary shift seems variable: 1.25% 0 , Gubbio (Italy); 1.50% 0 , Hole 516F; 2.50%, Holes 398 and 356; and 3.50%, Bidart (Biscaye, France).
* In some instances, as at Site 356 and at the Bidart outcrops CFigs. 14 and 18), the á 13 C negative shift of Cretaceous/Tertiary boundary is linked to a δ'°O negative excursion. At the present time, however, there are not enough available data to know if this is a local or a general phenomenon, or if it is due to early diagenesis or variations in environmental conditions. At Bidart (France), Delacotte (1982) shows that after this δ 18 θ sharp negative shift, there is a progressive positive excursion caused by variations in local environmental conditions; the main oceanic influences came from the Tethys (low δ^O) during the Maestrichtian and from the North Atlantic (high á^O) during and after the Paleocene.
If, as we think, negative excursions of δ 13 C curve are, more or less, related to global sea level regressions, it is not surprising that the shallower sites show the greatest amplitude of variations.
An attempt at an explanation of the phenomenon can be taken from Kroopnick (1974 Kroopnick ( , 1977 , Weissert and others (1979) , Létolle and Renard (1980) : the organic material produced in the surface water is depleted in carbon 13, and the decomposition of this material on the bottom of the ocean releases CO 2 to the deep water. The surface waters are, therefore, relatively enriched in carbon 13, whereas deep waters are relatively depleted. Upwelling and mixing return these carbon 13-depleted waters to the surface and prevent an extensive enrichment of carbon 13 in the euphotic zone. Times of high sea level (transgression) appear to correspond to anoxic conditions in the ocean with a very stable salinity stratification and sluggish circulation (Fisher and Arthur, 1977; Scholle and Arthur, 1980) . During these periods, the surface of the euphotic zone is very large and, because the oceanic circulation is greatly diminished, there is less mixing of carbon 13-depleted deep waters with surface waters. Nannofossils living during these periods will be relatively enriched in carbon 13. During regressive time (low sea level), the surface of the euphotic zone is reduced, and the restarting of oceanic circulation permits the mixing of carbon 13-depleted deep waters with carbon 13-enriched surface waters. Nannofossils living during these periods will be relatively depleted in carbon 13.
CONCLUSIONS
Geochemical studies of Coniacian-Santonian sediments from Hole 516F indicate: 1) If Site 356 δ 13 C results are confirmed in their broad outline, the Cretaceous/Tertiary shift is not as sharp as anticipated. The most negative values are located in P1C/P1D planktonic foraminifer zones and not in the G. eugubina Zone. Interpretations, extraterrestrial or not, of the Cretaceous/Tertiary crisis must take into consideration the relatively gradual aspect of δ 13 C variations.
2) At least for the studied part of geologic time scale, the δ 18 θ record in bulk carbonates is not completely destroyed by diagenesis.
3) Variations in strontium and carbon 13 content in carbonates should be considered as potential tools for stratigraphic correlations. 4) For pelagic sediments, strontium and sodium contents of carbonates fluctuate in a parallel fashion, and strontium and magnesium contents vary inversely. Figure 18 . Stable isotope curves of bulk carbonate for Bidart outcrops (Biscaye, France) after Delacotte and Renard (unpublished data) .
